Introduction
The concentration of lead in the seawater varies and can be very low, e.g., 0.5 to 30 ng l -1 . An analysis of environmental samples for lead was carried out by ASV, 2-4 FAAS, [5] [6] [7] ETAAS, [8] [9] [10] [11] ICP-AES 12 and ICP-MS. [13] [14] [15] [16] Recently, ETAAS has been extensively used because it is more sensitive than ASV, FAAS and ICP-AES, and more economical than ICP-MS. The determination of lead in natural water samples by ETAAS requires a preliminary separation and preconcentration step to eliminate any matrix components, and to improve the detection limit. Therefore, some on-line flow-injection (FI) systems coupled with ETAAS for the determination of lead have been reported, [17] [18] [19] although these detection limits are still near, or above, the concentration of lead in environmental water. The coprecipitation method has been widely used for the preconcentration of trace metals and their separation from the matrix components associated with various determination techniques.
Several coprecipitants, such as iron(III) hydroxide, [20] [21] [22] magnesium hydroxide, 16, 23 hafnium hydroxide 24 and pyrrolidinedithiocarbamate (PDC) of cobalt, 25 copper and iron(III), 26, 27 have been proposed. The method using hafnium hydroxide is expensive. Although magnesium hydroxide is an excellent collector, magnesium, itself, causes serious highbackground absorption in ETAAS. Digestion of the PDC precipitate of cobalt 25 takes a long time to simplify the sample matrix. Among them, the iron(III) hydroxide method is simple and the precipitate is easily dissolved in acid.
In the present work, a flow-injection on-line preconcentration-ETAAS system after coprecipitation with iron(III) hydroxide was developed for the determination of lead in seawater. The developed system employs a Pb·Spec TM microcolumn for preconcentration and separation from a large amount of iron present in the sample after the coprecipitation procedure. The Pb·Spec is prepared by loading an isodecanol solution of bis-4,4′(5′)-[tert-butylcyclohexano]-18-crown-6 on Amberchrom CG-71 md. Lead in the sample was first coprecipitated with iron(III) hydroxide. Then, the precipitate was dissolved in nitric acid and introduced into the FI system. Lead in the sample solution was adsorbed on the Pb·Spec microcolumn and eluted with EDTA.
The eluate zone corresponding to the highest analyte concentration was introduced into a graphite tube by the cooperation of a peristaltic pump and an autosampler pump. The proposed method has yielded reproducible results for lead at slightly higher levels in seawater samples.
Experimental

Reagents and samples
All of the reagents used were of analytical reagent grade. Distilled and deionized water was further purified via passage through a Milli-Q ® Ultrapure water-purification system (Millipore, Bedford, USA). A lead stock standard solution (1000 mg l -1 ) was prepared by dissolving 0.4 g of lead nitrate in nitric acid (1 + 1) and diluting to 250 ml with water, and standardized by EDTA titration. Lead working solutions were prepared daily from a 1000 mg l -1 stock standard solution. A lead working curve was prepared using lead standard solutions without a coprecipitation procedure. An iron(III) solution (10000 mg l -1 ) used for coprecipitation was prepared by dissolving 1. A flow-injection on-line preconcentration-electrothermal atomic absorption spectrometric (ETAAS) method coupled with a coprecipitation method has been developed for the determination of lead in seawater. The combination of two preconcentration procedures, coprecipitation with iron(III) hydroxide and solid-phase extraction with a lead-selective resin, Pb·Spec TM , allowed the determination of lead at the ng kg -1 level. Lead in 250 g of a sample solution was collected by coprecipitation with 10 mg of iron. The precipitate was dissolved in 25 ml of 1 mol l -1 nitric acid; then, a 4-ml aliquot of the sample solution was introduced into the flow-injection system to preconcentrate and separate lead from iron on a Pb·Spec microcolumn. The sorbed lead was eluted with a 1.0 × 10 -4 mol l -1 EDTA solution. The 30-µl portion of the eluate corresponding to the highest analyte concentration zone was injected into a graphite furnace. The overall enhancement factor was about 200 for 250 g of the sample. The average and standard deviation of ten blank values obtained were 1.7 ng and 0.38 ng, respectively. The recovery was 93.7 ± 5.0% for seawater spiked with 20 ng kg -1 lead. The proposed method is applicable to the analysis of seawater for lead at slightly higher levels.
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Works, St. Louis) in nitric acid (1 + 2) and diluting to 100 ml with water. The iron(III) solution was purified by a small column packed with Pb·Spec. A 5% (m/v) diammonium hydrogenphosphate (Wako Pure Chemical Industries, Osaka) solution was used as a chemical modifier. A lead-selective resin, Pb·Spec (100 -150 µm, Eichrom Industries, Darien, IL), was used for the preconcentration of lead in the FI system. The eluent was a 1.0 × 10 -4 mol l -1 EDTA solution, which was prepared from EDTA·2NH4 (Dojin Laboratory Chemicals, Kumamoto).
For preliminary experiments, ammonium carbonate, ammonium citrate, ammonium oxalate, sulfuric acid and L-cysteine (Kanto Chemicals, Tokyo) were used as the eluents for lead.
A seawater sample collected at Kujukuri seashore (Chiba, Japan) was filtered through a 0.45-µm membrane filter (Millipore) and acidified to pH 1.5 with nitric acid.
Instrumentation
A Hitachi (Tokyo) prototype flow-injection system was used for on-line preconcentration after a partial modification (Fig. 1) . A Hitachi Z-5000 atomic absorption spectrometer with a polarized Zeeman-effect background corrector was used. The absorbance was measured under operating conditions recommended by the manufacturer.
A graphite furnace autosampler was employed to inject the eluate from the Pb·Spec microcolumn and a chemical modifier solution into a graphite tube. A pyrolytically coated graphite tube was used throughout the work. The graphite furnace temperature program is shown in Table 1 . For the determination of lead, a 5 µl portion of the chemical modifier solution was injected into a graphite tube. The carrier gas flow of argon was stopped during atomization, and the peak-height absorbance was used for quantification. For some experiments to find the optimum experimental conditions, a flame mode of AAS was also used under the operating conditions recommended by the manufacturer. In the flame mode, the column in the FI system was connected to the nebulizer of the flame atomizer via 1-mm i.d. PTFE tubing.
Procedure of coprecipitation with iron(III) hydroxide
A 250 g portion of an acidified sample solution was mixed with 1 ml of a 10 mg iron(III)/ml solution. The pH of the solution was then adjusted to about 8 with dilute ammonia water, and lead was coprecipitated with iron(III) hydroxide. After standing for about 2 h, the precipitate was filtered with a 0.45-µm membrane filter (Millipore) and washed with Milli-Q water. The precipitate was then dissolved and diluted to 25 ml with 1 mol l -1 nitric acid. Four milliliters of the solution prepared as described above was introduced into the FI-ETAAS system.
Determination of lead by on-line FI-ETAAS
For the preconcentration and separation of lead from iron, a sample solution in 1 mol l -1 nitric acid (4 ml min -1 ) was passed through the Pb·Spec column in the FI system for 1 min (Fig. 1,  a) . After rinsing the column with 1 mol l -1 nitric acid (4 ml min -1 ) for 1 min, the lead retained on the column was eluted with 1.0 × 10 -4 mol l -1 EDTA and the eluate was introduced into the tip of an autosampler through valve 5. The eluate flow was stopped by turning valve 3 when the eluate zone containing the highest analyte concentration had just reached the tip of the autosampler. The details of the procedure for the injection of a small zone of the eluate into the graphite tube was previously described. 28 A 30-µl portion of the eluate collected in the tip was injected into a graphite tube by the normal autosampler operation, followed by the injection of 5 µl of the chemical modifier solution.
Before loading the next sample solution, an EDTA solution (1.5 ml min -1 ) was pumped to clean-up the tubing between valve 4 and the autosampler for 1 min. The time required for preconcentration and elution for a 4-ml sample, of which the loading time was 1 min, was 5 min. After injection of the eluate and the chemical modifier into the graphite tube, the heating program of the furnace was started. As the next run of FI preconcentration was started in the drying step of the present run, 12 measurements could be conducted per hour.
Results and Discussion
Coprecipitation of lead with iron(III) hydroxide
A coprecipitation method with iron(III) hydroxide has been 20, 21 Lead is known to be one of the elements with the highest coprecipitation yield. The coprecipitation yield of lead increased with an increase in the pH and reached the highest value in the pH range of 7.5 to 8.5. On the other hand, the contamination of lead from reagents may become serious at pH values above 8.5. Therefore, the pH was adjusted to about 8 with dilute ammonia water in further experiments.
The coprecipitation of 5 ng of lead in 250 g of a solution was examined over an iron(III) concentration range of 4 to 80 mg kg -1 . The results are shown in Fig. 2 . The recoveries of lead were about 80% in the iron(III) concentration range of 4 to 20 mg kg -1 and almost 100% in the iron(III) concentration range of 40 mg kg -1 or above. Therefore, an iron(III) concentration of 40 mg kg -1 was selected.
Adsorbent for the preconcentration of lead
Pb·Spec is the trade name of a solid-phase extractant which was prepared by loading an isodecanol solution of bis-4,4′(5′)-[tert-butylcyclohexano]-18-crown-6 onto Amberchrom CG-71 md (Supelco). This resin shows a high selectivity to lead in nitric acid media, giving a capacity factor (k′) of almost 1000 for lead at 1 mol l -1 nitric acid. Among the metal ions investigated by Horwitz et al., strontium(II) and thallium(I) have a k′ value of about 20 and barium(II) has a k′ of about 10. 29 Sodium(I), potassium(I), calcium(II), magnesium(II), iron(III), and aluminum(III), which were the major constituents of environmental water samples, were not adsorbed on Pb·Spec. The application of Pb·Spec to the on-line preconcentration and separation of lead from iron in FI-FAAS has so far been reported for the determination of lead in iron and steel. 30 The high selectivity of Pb·Spec resin enabled us to preconcentrate and separate lead from a large amount of iron(III) in the sample solution after coprecipitation. The concentration of nitric acid in the sample solution to be subjected to the FI-ETAAS was adjusted to 1 mol l -1 , because it is most suitable for lead adsorption on Pb·Spec resin.
Effect of eluents
Several eluents (EDTA, ammonium oxalate, ammonium citrate, ammonium tartrate, ammonium carbonate, ammonium sulfate, sulfuric acid and L-cysteine) were examined by monitoring their lead profiles by FI-FAAS, because a sharp peak profile is suitable for the sensitive determination of lead by ETAAS. The eluents prepared at a concentration of 0.1 mol l -1 were tested to desorb 4 µg of lead from a Pb·Spec column; the obtained peak-height absorbances are shown in Fig. 3 . Because EDTA gave the highest absorbance, it was selected as an eluent in further experiments.
Effect of the EDTA concentration
In order to investigate the effect of the concentration of EDTA, 4 ml of a 1 µg l -1 lead standard solution in 1 mol l -1 nitric acid was loaded onto a Pb·Spec column, and the retained lead was eluted with 1.0 × 10 -5 -5.0 × 10 -4 mol l -1 EDTA. The time required for the absorbance to reach the maximum value after the start of elution varied with the varying concentration of EDTA. When the concentration of EDTA was higher than 5.0 × 10 -4 mol l -1 , improducible absorbances were obtained, because carbon residues were accumulated in the graphite tube. The peak height was almost constant over an EDTA concentration range of 5.0 × 10 -5 to 5.0 × 10 -4 mol l -1 , and was reduced to half at 1.0 × 10 -5 mol l -1 (Fig. 4) . Although the peak height at 5.0 × 10 -4 mol l -1 EDTA was slightly higher than that at 1.0 × 10 -4 mol l -1 , the contamination of lead from the EDTA solution became serious. Therefore, 1.0 × 10 -4 mol l -1 EDTA was adopted as the eluent.
Analysis of a seawater sample
The applicability of the proposed method was evaluated by examining the recovery of lead from a seawater sample. A lead working curve was constructed using lead standard solutions by the FI system without any coprecipitation procedure. The results are summarized in Table 2 . The concentration of lead in seawater collected at Kujukuri seashore was 4.7 ± 0.7 ng kg -1 and the recovery was 93.7 ± 5.0% for seawater spiked with 20 ng kg -1 lead. The overall enhancement factor, which was estimated by comparing the absorbances of lead with and without preconcentration, was about 200 for a 250 g of sample solution. The average and standard deviation of ten blank values obtained by the proposed method were 1.7 ng and 0.38 ng, respectively. These results indicate the applicability of the present method to the determination of lead in seawater at 587 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 Recovery, % a. Taken in Kujukuri (Chiba, Japan).
